Article

THE

EMBO

w P

SOURCE TRANSPARENT
DATA PROCESS

JOURNAL

Regulation of Hed1 and Rad54 binding during
maturation of the meiosis-specific

presynaptic complex

) Brooks Crickard?, Kyle Kaniecki?, YoungHo Kwon?, Patrick Sung®, Michael Lisby* & Eric C Greene®”

Abstract

Most eukaryotes have two Rad51/RecA family recombinases,
Rad51, which promotes recombination during mitotic double-
strand break (DSB) repair, and the meiosis-specific recombinase
Dmcl. During meiosis, the strand exchange activity of Rad51 is
downregulated through interactions with the meiosis-specific
protein Hedl, which helps ensure that strand exchange is driven
by Dmcl instead of Rad51. Hedl acts by preventing Rad51 from
interacting with Rad54, a cofactor required for promoting strand
exchange during homologous recombination. However, we have a
poor quantitative understanding of the regulatory interplay
between these proteins. Here, we use real-time single-molecule
imaging to probe how the Hedl- and Rad54-mediated regulatory
network contributes to the identity of mitotic and meiotic pre-
synaptic complexes. Based on our findings, we define a model in
which kinetic competition between Hedl and Rad54 helps define
the functional identity of the presynaptic complex as cells undergo
the transition from mitotic to meiotic repair.
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Introduction

Homologous recombination (HR) is a universally conserved process
that is used to repair double-strand breaks (DSBs), protect genomic
integrity, and ensure genetic diversity within populations (Neale &
Keeney, 2006; San Filippo et al, 2008; Symington et al, 2014). HR
proceeds through the resection of broken double-strand DNA
(dsDNA), vyielding long single-strand DNA (ssDNA) overhangs,
which are paired with a homologous dsDNA elsewhere in the

genome, that is used as a template for repair of the damaged DNA
(San Filippo et al, 2008; Symington et al, 2014).

During HR, the 3’ ssDNA overhang is first bound by the hetero-
trimeric eukaryotic ssDNA-binding protein RPA (replication protein
A), which protects the ssDNA from nucleases, removes secondary
structure, and serves as a signal for initiating the DNA damage
response (Wold, 1997; San Filippo et al, 2008; Chen & Wold, 2014;
Symington et al, 2014). RPA is then replaced by Rad51, which forms
an extended right-handed helical filament on the 3’ ssDNA overhang
(Conway et al, 2004; Chen et al, 2008; Sheridan et al, 2008;
Kowalczykowski, 2015; Morrical, 2015). The resulting nucleoprotein
filament is referred to as the presynaptic complex (San Filippo et al,
2008; Heyer et al, 2010; Symington et al, 2014). The Rad51 presy-
naptic complex pairs the bound ssDNA with the complementary
strand of a homologous dsDNA, and this strand invasion reaction
results in displacement of the non-complementary strand. The
resulting D-loop intermediate can be processed through several dif-
ferent pathways, leading to repair of the damaged DNA (Paques &
Haber, 1999; San Filippo et al, 2008; Heyer et al, 2010; Mehta &
Haber, 2014; Symington et al, 2014).

Rad54 is a member of the Swi/Snf family of dsDNA translocases,
it is a required cofactor that stimulates the strand invasion activity
of Rad51, and it is one of the most highly conserved eukaryotic HR
proteins (Heyer et al, 2006; Mazin et al, 2010; Ceballos & Heyer,
2011; Kowalczykowski, 2015). Rad54 deletion imparts sensitivity to
DNA-damaging agents (Petukhova et al, 1999; Wesoly et al, 2006),
causes defects in strand invasion (Sugawara et al, 2003; Renkawitz
et al, 2013), and leads to the accumulation of toxic HR intermedi-
ates (Shah et al, 2010). Rad54 is a key accessory factor for regulat-
ing Rad51 activity. Association with the presynaptic complex
stimulates the ATP hydrolysis activity of Rad54 and greatly
increases the efficiency of Rad51-mediated strand invasion (Jiang
et al, 1996; Petukhova et al, 1998; Mazin et al, 2000; Van Komen
et al, 2000; Raschle et al, 2004). Collectively, it is believed that
protein—protein interactions between Rad51 and Rad54 enhance
both the homology search and strand invasion during mitotic HR
(Kowalczykowski, 2015). In addition, Rad54 has been implicated in
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stabilization of the Rad51 presynaptic complex (Mazin et al, 2003),
DNA branch migration (Bugreev et al, 2006; Rossi & Mazin, 2008),
nucleosome remodeling (Alexiadis & Kadonaga, 2002; Alexeev et al,
2003; Jaskelioff et al, 2003), and removal of RadS1 after completion
of strand exchange (Symington & Heyer, 2006; Ceballos & Heyer,
2011; Wright & Heyer, 2014).

During meiosis, HR-mediated repair of programmed DSBs
creates a physical linkage between homologous chromosomes,
helping to ensure proper chromosome segregation and allowing for
the creation of new allelic combinations (Lao & Hunter, 2010;
Brown & Bishop, 2014; Lam & Keeney, 2014; Zickler & Kleckner,
2015). Meiotic recombination requires a number of meiosis-specific
proteins and also coincides with the selective inhibition of Rad51
(Neale & Keeney, 2006; Brown & Bishop, 2014). Rad51 inhibition is
achieved through two meiosis-specific regulatory proteins, Hedl
and Mekl (Niu et al, 2009; Brown & Bishop, 2014). Mekl is a
kinase that phosphorylates a number of proteins during meiosis,
including Rad54 (Niu et al, 2009) and histone H3 (Govin et al,
2010; Kniewel et al, 2017), to help suppress sister-directed repair
(Liu et al, 2014). Hed1 is a regulatory factor that interferes with
Rad54 binding to Rad51 (Busygina et al, 2008, 2012). Rad54 is a
required cofactor for Rad51 strand invasion activity in vivo; there-
fore, Hed1 binding downregulates the activity of Rad51 in meiosis.
Hed1 deletion results in delayed appearance of meiotic DSBs and
delayed production of crossover recombination products (Lao et al,
2013). Hed1 is also phosphorylated by Mekl, thereby promoting
Hedl stability (Callender et al, 2016). Meiotic recombination also
requires the meiosis-specific recombinase Dmcl (Bishop et al,
1992; Bishop, 1994; Neale & Keeney, 2006; Brown & Bishop, 2014).
Saccharomyces cerevisiae Dmcl is ~45% identical to Rad51, and
Dmcl is thought to act as the active recombinase during meiosis,
with Rad51 acting as an accessory factor to mediate Dmcl filament
assembly (Cloud et al, 2012; Brown & Bishop, 2014). Rdh54 is a
Rad54 homolog that, while expressed in mitotic cells, is thought to
play a primary role during meiosis, potentially acting as a Dmcl-
specific accessory factor (Dresser et al, 1997; Klein, 1997; Nimonkar
et al, 2012). Interestingly, Rad54 stimulates Dmcl-mediated strand
invasion in vitro (Nimonkar et al, 2012; Busygina et al, 2013) and
deletion of RADS4 in S. cerevisiae causes delayed progression
through meiosis and decreased spore viability (Shinohara et al,
1997), leading to speculation that these phenotypes may be caused
by an interaction between Rad54 and Dmcl. However, genetic
evidence suggests the role of Rad54 during meiosis is to repair
excess DSBs through sister chromatid recombination and is not
required for interhomolog recombination (Shinohara et al, 1997,
2003). It remains unclear whether Rad54 can physically discrimi-
nate between Rad51 and Dmcl, and it also remains unclear how
the regulatory interplay between Hed1 and Rad54 controls the activ-
ities of Rad51 as cells transition into meiosis.

Here, we utilize ssDNA curtains to observe the protein—protein
and protein—-DNA interactions that contribute to the maturation of
mitotic and meiotic presynaptic complexes. We find that RPA
prevents premature association of both Rad54 and Hedl with
ssDNA, helping to ensure a defined progression of assembly events.
However, RPA is readily replaced with either Rad51 or Dmcl in our
assays (Gibb et al, 2014b; Qi et al, 2015; Qi & Greene, 2016; Ma
et al, 2017c), allowing Rad54 to associate with the presynaptic
complexes. The complexes formed between Rad54 and either Rad51
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or Dmcl are remarkably stable. However, once bound, the contin-
ued presence of Rad54 becomes independent of either Rad51 or
Dmcl filament stability, suggesting that Rad54 is loaded directly
onto the underlying ssDNA. We also demonstrate that Hed1l binds
selectively to Rad51 presynaptic complexes, and these binding inter-
actions are essentially irreversible, so long as the Rad51 filament
remains intact. In addition, we demonstrate that the Hed1 ssDNA-
binding domain is dispensable for its association with the Rad51
presynaptic complex, but deletion of amino acids responsible for
Hedl ssDNA-binding activity prevents Hed1-mediated inhibition of
Rad54 binding. Given these findings, we describe a model in which
kinetic competition between Hedl and Rad54 for binding interac-
tions with Rad51 helps define the functional identity of the resulting
presynaptic complexes during the transition into meiosis.

Results
RPA restricts Rad54 association with single-stranded DNA

The interaction between Rad51 and Rad54 is essential for promoting
efficient recombination (Tan et al, 2003; Heyer et al, 2006; Mazin
et al, 2010; Shah et al, 2010). Rad54 binds to the Rad51 presynaptic
complex, but quantitative measures of this interaction remain
unavailable (Mazin et al, 2003; Raschle et al, 2004). Therefore, we
sought to quantitate the association of Rad54 with the presynaptic
complex using ssDNA curtains with total internal fluorescent micro-
scopy (TIRFM) (Gibb et al, 2014b; Ma et al, 2017c). This approach
allows us to visualize individual ssDNA molecules that can be
sequentially coated with GFP- or mCherry-RPA followed by unla-
beled Rad51, in a situation that closely mimics physiological assem-
bly of the presynaptic complex (Fig 1A).

To monitor Rad54 binding, we used GFP-tagged Rad54
(Fig EV1A). Purified GFP-Rad54 was active for DNA-dependent ATP
hydrolysis activity and also stimulated Rad51-mediated D-loop
formation similar to WT Rad54 (Fig EV1B and D). The RPA-ssDNA
complex is one of the earliest intermediates during HR (Heyer et al,
2010; Gibb et al, 2014b), and Rad54 harbors a ssDNA-binding
domain (Wright & Heyer, 2014). Therefore, to test that Rad54
recruitment did not occur before Rad51 filament formation, we first
tested the ability of GFP-Rad54 to bind mCherry-RPA filaments.
Rad54 was unable to bind RPA filaments under the concentration
regime tested (up to 30 nM GFP-Rad54) (Fig 1B), indicating that
RPA prevents the binding of Rad54 to ssDNA in the absence of
Rad51, which is consistent with in vivo observations of recombina-
tion foci in S. cerevisiae (Lisby et al, 2004).

Rad54 association with the Rad51-ssDNA presynaptic complex

Next, we tested GFP-Rad54 binding to Rad51-ssDNA filaments,
which were prepared by exchanging the fluorescently tagged RPA
for unlabeled Rad51, as previously described (Gibb et al, 2014b; Qi
et al, 2015). In striking contrast to results with RPA-ssDNA, GFP-
Rad54 bound to the Rad51-ssNDA filaments at concentrations as
low as 0.1 nM (Fig 1C). At low concentrations, we could readily
discern GFP-Rad54 as individual stationary, fluorescent puncta
bound to the Rad51-ssDNA (Fig 1C and D). With increasing protein
concentrations, the binding of Rad54 appeared more uniform along
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Figure 1. GFP-Rad54 binds to Rad51-ssDNA filaments.
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A Schematic diagram outlining the ssDNA curtain assays used to test for GFP-Rad54 binding to the Rad51-ssDNA filaments. The cartoon illustrates the progression of
steps from RPA-coated ssDNA to Rad51-ssDNA filaments, followed by the binding of Rad54, as indicated.
B Wide-field images of a single ssDNA molecule bound by RPA-mCherry and chased with 30 nM GFP-Rad54. The left panel shows the GFP-Rad54 signal, the middle

panel shows the mCherry-RPA signal, and the right panel shows the merged image.

C Wide-field TIRFM images of Rad51-ssDNA molecules (unlabeled) bound by GFP-Rad54 (shown in green). The images were collected using 0.1, 1.0, 10, or 30 nM GFP-

Rad54 as indicated.

D Examples of single Rad51-ssDNA molecules (unlabeled) bound by 0.1, 0.3, 1.0, 3.0, 10, or 30 nM GFP-Rad54 (top panel). Graph showing the GFP-Rad54 signal intensity,
integrated over the entire lengths of the sSDNA substrates, as a function of GFP-Rad54 concentration (bottom panel). The data were fit by non-linear regression, and
error bars represent the standard deviation (s.d.) for individual ssDNA molecules at each concentration of GFP-Rad54. The number of Rad51-ssDNA molecules (n)
analyzed at each GFP-Rad54 concentration was as follows: 0.1 nM (n = 30), 0.3 nM (n = 30), 1.0 nM (n = 60), 3.0 nM (n = 48),10 nM (n = 60), and 30.0 nM

(n = 60).

Source data are available online for this figure.

the Rad51-ssDNA filaments and appeared to approach saturation
around 30 nM GFP-Rad54 (Fig 1C). We quantitated the cumulative
fluorescent signal intensity at equilibrium by integrating the GFP
signal intensity over the entire lengths of the Rad51-ssDNA fila-
ments at 0.1, 0.3, 1.0, 3.0, 10, and 30 nM GFP-Rad54. The resulting
data were fit by non-linear regression, yielding a dissociation
constant (Ky) of 6.1 4+ 0.6 nM, a Hill coefficient of 1.51 + 0.3, and
mean maximum signal intensity (Bpayx) of ~4.57 £+ 0.4 x 10° (a.u)
(Fig 1D). It is important to note that we could not go higher than

© 2018 The Authors

30 nM GFP-Rad54, due to high background; thus, values deter-
mined from the non-linear regression are based on the extrapolated
saturation point. Importantly, we do not observe Rad54 transloca-
tion on the ssDNA substrates (even though ATP is present in all of
the assays), as has been observed for Rad54 bound to dsDNA
(Amitani et al, 2006; Ceballos & Heyer, 2011). The absence of
translocation activity supports existing models in which the ssDNA-
binding domain interacts with the presynaptic ssDNA, whereas the
dsDNA-binding motor domain of Rad54 is oriented outward toward
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solution to allow for interactions with dsDNA during the homology
search and strand invasion (Ceballos & Heyer, 2011; Wright &
Heyer, 2014).

We next estimated the number of Rad54 molecules bound at
saturation. We took advantage of the fact that at low concentrations,
we were able to observe individual GFP-Rad54 binding events
(Fig EV2A). We could determine the number of GFP molecules
associated with these binding events by monitoring the number of
photo-bleaching steps. From this analysis, we observed that the
majority (~60%) of binding events resulted in single-step photo-
bleaching, with a smaller number of events showing two, three, or
four photo-bleaching steps (Fig EV2B and C). Control experiments
confirmed that these events were due to photo-bleaching and not
due to protein dissociation (Fig EV2D). These data indicate that
under these conditions, Rad54 binds initially as a monomer to the
Rad5S1-ssDNA filaments. We next measured the total GFP signal
intensity associated with the single-step photo-bleaching events and
found this to be 147 + 20 intensity units per molecule of GFP-
Rad54 (Fig EV2E). Taking the mean maximum GFP-Rad54 signal
intensity (Bpax) from the Rad54 titration curve (Fig 1D) and divid-
ing by average signal intensity per molecule yielded a value of
~3,100 molecules of GFP-Rad54 per ssDNA molecule. For a ssDNA
~36,000 bases in length (Qi et al, 2015), this would give a value of
~1 Rad54 molecule per ~12 nucleotides (nt) or ~1 Rad54 molecule
for every ~4 Rad51 monomers. It should be noted that these esti-
mates are based on ssDNA that is completely saturated with Rad51,
with each monomer occupying three nucleotides. In our experimen-
tal system, it is likely there will be some gaps in the Rad51 fila-
ments, and these discontinuities may alter the ratio of Rad54 to
RadS1. Regardless, these estimates provide an indication of the
strong association between Rad54 and Rad51 within the presynaptic
complex.

Rad54 binding to Rad51 and Dmc1 presynaptic complexes

Dmcl is a meiosis-specific recombinase found in most eukaryotes
(Bishop et al, 1992; Neale & Keeney, 2006; Brown & Bishop, 2014).
Rad54 is required for normal progression through meiosis (Shinohara
et al, 1997), and Rad54 interacts with Dmcl and stimulates Dmcl
strand exchange activity in vitro (Nimonkar et al, 2012; Busygina
et al, 2013). However, genetic evidence suggests that Rad54 and
Dmcl function in alternate pathways (Dresser et al, 1997; Bishop
et al, 1999; Liu et al, 2014). To help further examine the potential role
(s) of Rad54 in meiosis, here we sought to determine whether Rad54
could physically discriminate between Rad51 and Dmcl.

We first tested the ability of GFP-Rad54 to bind Dmcl1 filaments
(Fig 2A) and found a concentration-dependent increase in Rad54
binding under equilibrium binding conditions, which was compara-
ble to Rad54 binding on Rad51 filaments (Fig 2B). Analysis of
GFP-Rad54 binding to the Dmcl-ssDNA filaments under increas-
ing GFP-Rad54 concentrations by non-linear regression (Fig 2B)
yielded a dissociation constant (Kg) of 3.5 + 0.73 nM, a Hill coeffi-
cient of 1.33 £ 0.5, and mean maximum signal intensity (Bpax) of
~2.13 £+ 0.5 x 10° (a.u.) (Fig 2C). Interestingly, the By, value for
GFP-Rad54 binding to Dmcl-ssDNA was ~twofold lower than that
observed for GFP-Rad54 binding to Rad51-ssDNA (Fig 2C), corre-
sponding to ~1 Rad54 molecule per ~24 nucleotides (nt) or ~1
Rad54 molecule for every ~8 Dmcl monomers. We next monitored
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the GFP-Rad54 binding kinetics to either Rad51-ssDNA or Dmcl-
ssDNA filaments in real time (Fig 2D). Quantitation of the resulting
data revealed no discernable difference in the rate of GFP-Rad54
association with either the Rad51- or Dmcl-ssDNA filaments
(Fig 2D and E). Analysis of the maximum signal intensity values
(Bmax) for GFP-Rad54 binding confirmed a ~two- to threefold lower
saturation level for GFP-Rad54 to Dmc1-ssDNA filaments relative to
the Rad51-ssDNA filaments (Fig 2F). This finding is in agreement
with our equilibrium binding analysis, and together, these findings
suggest that Rad51-ssDNA filaments support the binding of roughly
twice as much GFP-Rad54 compared to Dmcl-ssDNA filaments of
equivalent length.

Rad54 binds tightly to the Rad51 and Dmc1
presynaptic complexes

We next evaluated the stability of GFP-Rad54 bound to both Rad51-
and Dmc1-ssDNA filaments. For these measurements, we incubated
GFP-Rad54 with either Rad51- or Dmcl-ssDNA filaments under
saturating conditions, flushed the sample chambers with buffer to
remove excess GFP-Rad54, and then monitored the change in GFP-
Rad54 fluorescent signal over a 1-h time period (Fig 2G-I). Under
these conditions, the loss of GFP-Rad54 fluorescence signal loss
might be attributed to either the dissociation of GFP-Rad54 or GFP
photo-bleaching. To discriminate between these two possibilities,
we calculated the rate of GFP signal loss with and without laser
shuttering, as previously described (Gibb et al, 2014a; Ma et al,
2017b). If the rate is the same in both cases, then signal loss can be
attributed to photo-bleaching, and not to GFP-Rad54 dissociation
(Gibb et al, 2014a). In contrast, if the rates are different, then the
loss of GFP signal can be attributed to GFP-Rad54 dissociation.
These experiments revealed that the loss of GFP-Rad54 signal was
the same with and without laser shuttering (Fig 2H and I), indicat-
ing that the loss of signal intensity could be attributed to photo-
bleaching with little or no GFP-Rad54 dissociation taking place
during the 1-h observation window. We conclude that GFP-Rad54
binds very tightly to both Rad51- and Dmc1-ssDNA filaments, with
little or no dissociation taking place over our experimental time
scales.

Interestingly, previous fluorescence recovery after photo-
bleaching (FRAP) studies of DNA repair foci induced by ionizing
radiation have demonstrated that mammalian RAD54 undergoes
rapid (¢, = 0.5 s) and complete (100% mobile fraction) turnover
at sites of DNA repair, whereas RAD51 does not (Essers et al, 2002).
These studies have also shown that mammalian RAD52 undergoes
complete turnover, exhibiting a recovery time (t,,,) of ~26 s (Essers
et al, 2002). The result with mammalian RAD54 is different from
our in vitro observations with yeast Rad54, which is surprising
given the broad conservation of Rad54 among eukaryotes (Heyer
et al, 2010; Mazin et al, 2010). One possible explanation for this dif-
ference is that the yeast and mammalian proteins behave differently
with respect to interactions with the presynaptic complex. To test
this possibility, we performed FRAP experiments of recombination
protein foci in vivo. We find that most of the RadS1 (~63 %) present
within recombination foci remains immobile, while the remaining
37 + 14% undergoes turnover with a recovery time (t,,,) of 87 (51—
284) s (numbers in parentheses represent 95% confidence intervals;
Fig EV3A). Consistent with previous results in mammalian cells

© 2018 The Authors
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Figure 2. Comparison of GFP-Rad54 binding to Dmc1- and Rad51-ssDNA filaments.

A Wide-field TIRFM image of Dmc1-ssDNA (unlabeled) bound by GFP-Rad4 (10 nM; shown in green).

B Images of single Dmc1-ssDNA molecules (unlabeled) bound by GFP-Rad54 (left panel). Graph showing the GFP-Rad54 signal intensity, integrated over the entire
lengths of the ssDNA substrates, as a function of GFP-Rad54 concentration (right panel). The data were fit by non-linear regression, and error bars represent s.d. for
individual ssDNA molecules at each concentration of GFP-Rad54. The number of Dmc1-ssDNA molecules analyzed at each GFP-Rad54 concentration was as follows:
0.1 nM (n = 30); 0.3 nM (n = 30); 1.0 nM (n = 30); 3.0 nM (n = 30); 10 nM (n = 30); and 30.0 nM (n = 30). Note that the curve for Rad51 shown here is reproduced
from Fig 1D to allow for ready comparison between the Rad51 and Dmc1 data.

C Maximum signal intensity (Bmay) for the integrated GFP-Rad54 signal collected from Rad51-ssDNA and Dmc1-ssDNA molecules in panel (B). Values were obtained
from non-linear regression analysis of the GFP-Rad54 titration data for Rad51-ssDNA and Dmcl1-ssDNA, and the error bars represent 95% confidence intervals for the
fit data.

D Kymographs depicting real-time association of GFP-Rad54 (green) with Rad51-ssDNA (top panel) and Dmc1-ssDNA (bottom panel).

E Quantification of normalized integrated fluorescence intensity for GFP-Rad54 association kinetics on Rad51-ssDNA (green circles; n = 20) and Dmc1-ssDNA (magenta
circles; n = 25) filaments. Error bars represent s.d. for individual Rad51- or Dmc1-ssDNA molecules.

F Quantification of raw integrated fluorescence intensity for GFP-Rad54 association kinetics on Rad51-ssDNA (green circles; n = 20) and Dmc1-ssDNA (magenta circles;
n = 25) filaments. Error bars represent s.d. for individual Rad51- or Dmc1-ssDNA molecules.

G Kymographs depicting the dissociation of GFP-Rad54 (green) with Rad51-ssDNA (top panel) and Dmc1-ssDNA (bottom panel) after free GFP-Rad54 was flushed from
the sample chamber.

H Normalized fluorescence data comparing the rate of GFP-Rad54 signal loss due to protein dissociation from experiments performed with Rad51-ssDNA (green;

n = 30), to the rate of GFP-Rad54 photo-bleaching (black; n = 40); error bars represent s.d. between different ssDNA molecules. Photo-bleaching data were collected
by continuously illuminating the sample while collecting images at 100-ms intervals, whereas dissociation rate data were collected at 1-min intervals and the laser
was shuttered between each image, as previously described (Gibb et al, 2014a).

I Normalized fluorescence data comparing the rate of GFP-Rad54 signal loss due to protein dissociation from experiments performed with Dmc1-ssDNA (magenta;

n = 25), to the rate of GFP-Rad54 photo-bleaching (black; n = 25); error bars represent s.d. between different ssDNA molecules.

Source data are available online for this figure.
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(Essers et al, 2002), we also find the recombination mediator
protein Rad52 undergoes rapid turnover within recombination foci,
with 61 £ 18% of the protein present within a mobile fraction
exhibiting a recovery time of 6 (4-17) s, but the remaining ~39% of
the Rad52 remains immobile (Fig EV3B). Interestingly, 72 + 28%
of Rad54 within the repair foci undergoes turnover with a recovery
time of 79 (60-119) s, and the remaining Rad54 remains immobile
(Fig EV3C). These findings indicate that a portion of the S. cere-
visiae Rad54 present in DNA damage-induced recombination foci
does not undergo turnover, while the remaining Rad54 exchanges at
a rate that is ~160 times slower than that observed in mammalian
cells. Taken together, our in vitro and in vivo data support a model
wherein S. cerevisiae Rad54 may be a more stable component of the
Rad51 presynaptic complex than its mammalian homolog.

Rad54 binding is not dependent on Rad51 or Dmcl
filament integrity

Once Rad54 binds to the Rad51-ssDNA filament, it is believed to
play a role in preventing Rad51 dissociation upon challenge with
high-salt conditions (Mazin et al, 2003). Based on these observa-
tions, one logical hypothesis is that Rad51 and Rad54 form a rein-
forcing loop in which the pair stabilizes each other. We tested this
hypothesis by assembling Rad51-ssDNA filaments, binding GFP-
Rad54, and then depleting ATP to initiate Rad51 dissociation from
the ssDNA. We have previously shown that depletion of ATP results
in disassembly of Rad51 from the ssDNA curtains (Qi et al, 2015; Qi
& Greene, 2016) and the rate of Rad51 dissociation can be inferred
by monitoring the re-binding of GFP- or mCherry-RPA to the ssDNA
(Figs 3A and EV4A). This measurement is possible because as the
unlabeled Rad51 leaves the ssDNA, it is quickly replaced by fluores-
cent RPA from solution (Qi et al, 2015; Ma et al, 2017c). Here, we
used two-color measurements to simultaneously monitor GFP-
Rad54 and mCherry-RPA. In these experiments, depletion of ATP
caused Rad51 to dissociate from the ssDNA, and the association rate
of mCherry-RPA was comparable to experiments conducted in the
presence or absence of Rad54 (Fig 3A and B). This finding indicates
that Rad54 did not stabilize the RadS1 filament upon depletion of
ATP. Similar results for Rad51 dissociation were obtained in control
experiments using unlabeled Rad54, confirming that the GFP tag on
Rad54 did not alter the behavior of Rad51 (Fig EV4A and B).
Surprisingly, we found that GFP-Rad54 dissociated very slowly upon
ATP depletion, and the rate of GFP-Rad54 signal loss was an order
of magnitude slower than the loss of RadS1, yielding an apparent
kogr of 0.037 £+ 0.006/min for GFP-Rad54, compared to an apparent
Kog of 0.20 + 0.015/min for Rad51 (Fig 3B, E, and F). These data
indicate that the initial recruitment of Rad54 to the presynaptic
ssDNA is dependent on the presence of Rad51, but Rad54 can
remain bound to the ssDNA even after the disruption of the Rad51
filaments.

We next performed this experiment for Dmcl filaments bound
with Rad54 (Fig 3C and D). In the case of Dmcl, CaCl, is a neces-
sary cofactor for stable DNA binding (Lee et al, 2005; Busygina
et al, 2013), and depletion of ATP alone does not result in filament
disassembly in our ssDNA curtain assays (unpublished). Therefore,
in order to promote Dmcl filament disassembly, both ATP and
CaCl, were simultaneously depleted from the buffer. Depletion of
both ATP and CaCl, resulted in dissociation of Dmcl filaments,
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which coincided with the re-binding of mCherry-RPA, yielding a ko
of 0.12 4+ 0.01/min, which was comparable to the rate observed for
Rad51 filament dissociation upon depletion of ATP (Fig 3D-F). As
was the case with RadS1, the rate of Rad54 dissociation from Dmcl
filaments was slower than that of Dmecl with a ki of just
0.0627 £ 0.005/min (Fig 3D-F). This rate was slightly faster than
that observed for Rad54 dissociation from Rad51-ssDNA filaments.
This modest difference in dissociation rates may reflect the reduced
number of binding sites observed for Rad54 on Dmcl filaments or
may reflect the existence of an alternative binding mode.

Hed1 binds tightly to the Rad51-ssDNA presynaptic complex

Hed]1 selectively inhibits the association of Rad54 with Rad51 during
the early stages of meiosis, thus helping to ensure that meiotic
recombination is driven by Dmcl (Busygina et al, 2008, 2012).
However, there is little quantitative understanding of how Hed1
associates with Rad51-ssDNA and how this association regulates
Rad54 binding.

To visualize Hed1 binding, we fused mCherry or GFP to the C-
terminus of Hedl. Hedl-GFP complements hedIA phenotypes
in vivo, indicating that the fusion construct retains biological
function (Tsubouchi & Roeder, 2006). We first tested the ability of
Hed1-GFP to bind RPA-ssDNA complexes and found that as with
GFP-Rad54, Hedl-GFP was unable to bind to RPA-ssDNA
(Fig EV5A). In contrast, Hed1-mCherry and Hed1-GFP bound exten-
sively and uniformly to Rad51-ssDNA filaments (Fig 4A and B). We
found no evidence of Hed1-GFP binding to Dmcl1-ssDNA (Fig 4B),
indicating that Hedl can readily discriminate between the two
recombinases, consistent with previous bulk biochemical pull-down
experiments (Busygina et al, 2008). Analysis of Hedl binding to
Rad51-ssDNA at 0.1, 0.3, 1, 3, 10, and 30 nM Hed1-GFP concentra-
tions yielded a Ky of 74 + 4 nM and a Hill coefficient of
0.96 + 0.1, indicating that, under our conditions, Hed1 binding was
not cooperative (Fig 4C). The images appeared to indicate that
Hed1-GFP bound uniformly along the Rad51-ssDNA filaments even
at low protein concentrations (Fig 4B). This result contrasts with
the much more punctate patterns observed for GFP-Rad54 binding
at low protein concentrations (e.g., Fig 1C).

We monitored the dissociation of Hed1 and Hed1A114-122 from
the Rad51-ssDNA. This Hed1A114-122 mutant shows a severe reduc-
tion in affinity for ssDNA (Busygina et al, 2008, 2012) and can thus
be used in our assays to help distinguish between Hed1 association
with the Rad51 presynaptic filament through either protein—protein
interactions with Rad51 or Hed1-ssDNA interactions. These experi-
ments revealed that in the presence of ATP, as with Rad54, the rate
of Hed1 or Hed1A114-122 signal loss was equivalent to the photo-
bleaching rate (Fig EV5B). Therefore, the binding lifetimes of Hed1l
and Hed1A114-122 exceeded the 1-h time windows of our measure-
ments. We next monitored the real-time association of Hedl-
mCherry with the Rad51-ssDNA filaments. For comparison, we also
generated a mutant version of Hedl in which amino acids 114-122
had been removed. These measurements revealed that Hedl-
mCherry bound quickly (ko = 4.3 x 10%/M/s) along the Rad51-
ssDNA filaments (Fig EV5C) and that there was no difference in
the association when using GFP- or mCherry-tagged versions of
Hed1 (Fig EV5C). Surprisingly, Hed1A114-122 bound to the Rad51-
ssDNA filaments ~fourfold more rapidly that full-length Hed1

© 2018 The Authors
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Figure 3. Rad54 remains bound to the presynaptic ssDNA after Rad51 or Dmc1 dissociation.

A Kymographs depicting two-color experiments testing the stability of GFP-Rad54 (10 nM; green) pre-bound to the Rad51-ssDNA filaments upon depletion of ATP in
the presence of free RPA-mCherry (0.1 nM; magenta). The white dashed lines indicate the time points corresponding to the injection of GFP-Rad54 and removal of
ATP, as indicated.

B Quantification of the GFP-Rad54 signal loss (green circles; n = 59) and the binding of RPA-mCherry (magenta squares; n = 59) upon ATP depletion from Rad51-ssDNA.
Also shown is the rate of RPA-mCherry binding to Rad51-ssDNA filaments upon depletion of ATP for experiments conducted in the absence of GFP-Rad54 (white
triangles; n = 20).

C Kymographs depicting two-color experiments testing the stability of GFP-Rad54 (10 nM; green) pre-bound to the Dmc1-ssDNA filaments upon depletion of ATP and
Ca”* in the presence of free RPA-mCherry (0.1 nM; magenta). The white dashed lines indicate the time points corresponding to the injection of GFP-Rad54 and
removal of ATP/Ca*", as indicated.

D Quantification of the GFP-Rad54 signal loss (green circles; n = 77) and the binding of RPA-mCherry (magenta squares; n = 77) upon ATP/Ca** depletion from Dmc1-
ssDNA. Also shown is the rate of RPA-mCherry binding to Dmc1-ssDNA filaments upon depletion of ATP/Ca®* for experiments conducted in the absence of GFP-Rad54
(white triangles; n = 36).

E Box-and-whisker plot depicting the distribution of GFP-Rad54 dissociation rates (ko) calculated for each individual Rad51-ssDNA filament or Dmc1-ssDNA filaments,
as indicated. The rate of GFP-Rad54 photo-bleaching is also shown. The error bars define the min and max rates calculated for each data sets, and the edges and
center of the box define the upper quartile, lower quartile, and median of the data set.

F Rad54, Rad51, and Dmc1 dissociation rates (kog) derived by fitting the normalized fluorescence curves in (B and D). The Rad54 dissociation rates are shown in black,
and the recombinase (Rad51 or Dmc1l, as indicated) dissociation rates are shown in white. Error bars represent the 95% confidence intervals for the data fitting. Rates
were calculated from an N of 15 or greater individual ssDNA molecules.

Source data are available online for this figure.

(kon = 17.6 x 10°/M/s; Fig EV5C). However, we found no significant binds tightly and uniformly to the Rad51-ssDNA filaments and that
difference between the saturation levels for full-length Hedl and deletion of Hed1 amino acids 114-122 does not reduce binding to the
Hed1A114-122 to Rad51-ssDNA (not shown). We conclude that Hed1 presynaptic filament, but instead increases the rate of association.
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Figure 4. Hed1 binds tightly to the Rad51 presynaptic complex.

B K, RPA-GFP

A
B

F

Wide-field TIRFM showing Hed1-mCherry (30 nM; magenta) bound to Rad51-ssDNA filaments (unlabeled).

Images of individual Rad51-ssDNA molecules (left panel) or Dmc1-ssDNA molecules (right panel) collected in the presence of 0.1, 0.3, 1.0, 3.0, 10, or 30 nM Hed1-GFP
(green).

Quantification of the equilibrium titration of Hed1-GFP on Rad51-ssDNA filaments (n = 15, 20, 20, 24, 22, and 21, respectively). The data were fit by non-linear
regression, and error bars represent the s.d. of single Rad51-ssDNA molecules.

Kymographs depicting two-color experiments to monitor the behavior of Hed1-mCherry (magenta) pre-bound to Rad51-ssDNA upon the depletion of ATP. The
dissociation of Rad51 from the ssDNA was monitored using GFP-RPA (0.1 nM; green).

Quantification of normalized Hed1-mCherry dissociation rate (open circles) and RPA-GFP association (dark circles). Error bars represent the s.d. between individual
molecules (N = 24).

Hed1-mCherry and Rad51 dissociation rates derived by fitting the data in (E). Error bars represent the 95% confidence interval for the fit data.

Source data are available online for this figure.

Hed1 binding stability is Rad51-dependent

As shown above, once bound to the presynaptic complex, Rad54
could remain bound even after Rad51 filament disassembly. We
considered that Hed1 might share this property because Hedl can
bind to ssDNA, and because Hed1 acts primarily as an antagonist of
Rad54. We tested this model by first binding Hedl-mCherry to
Rad51-ssDNA filaments in buffer containing GFP-RPA. After a
10-min incubation, ATP was depleted from the buffer, and the

8 of 17 The EMBO Journal ~ 37: €98728 | 2018

stability of the bound Hedl-mCherry and association of GFP-RPA
were measured simultaneously. We found that both Rad51 and
Hed1 dissociated from the ssDNA after ATP depletion, and the rate
of Rad51 dissociation was the same in the presence or absence
of Hed1 (Fig 4D-F). Comparison of the Hed1 and the Rad51 off rates
(ko) yielded similar values, 0.13 + 0.02/min and 0.15 + 0.01/min,
respectively (Fig 4F). These data indicate that unlike Rad54, Hed1
stability on the Rad51 filament is entirely dependent upon the integ-
rity of the Rad51-ssDNA filaments.

© 2018 The Authors
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Competition between Hed1 and Rad54 dictates functionality of
the presynaptic complex

Once bound to the Rad51 presynaptic complex, neither Rad54 nor
Hed1 dissociates from the RadS1-ssDNA over the course of our
measurements. These findings support the hypothesis that kinetic
competition between Hedl and Rad54 will dictate the functional
identity of the developing presynaptic complex during meiosis.

To explore this concept further, we first tested the ability of Hed1
to inhibit binding of Rad54 when both proteins were present in solu-
tion. We did this by co-injecting saturating amounts of GFP-Rad54
(30 nM) together with either 0, 0.3, 3, 30, 90, or 300 nM unlabeled
(wild type) Hed1l. We then measured the integrated signal intensity
of GFP-Rad54 on individual ssDNA strands under each condition.
As Hedl increased, the amount of GFP-Rad54 binding decreased
(Fig 5A), with ~50% of GFP-Rad54 binding inhibited at equimolar
amounts of Hedl to Rad54. Fitting these data to a dose-response
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curve yielded an IC50 of 14.4 + 7 nM, and from this, we calculated
the K; of Hedl to be 5 + 3 nM (Fig EV6A and B). This value is
within error of the Ky calculated for Hed1-GFP and is in agreement
with Hed1 acting as a competitive inhibitor of Rad54 binding. Addi-
tionally, as the Hedl concentration increased, the Rad54 binding
events reverted from more uniform fluorescence signal to highly
punctate structures, similar to those observed at low GFP-Rad54
concentrations in the absence of Hed1 (e.g. Figs 1C and 5A).

We next evaluated the ability to free Hed1 to remove pre-bound
Rad54 from Rad51-ssDNA filaments, and we also performed the
reciprocal experiment to determine whether free Rad54 was able to
remove pre-bound Hedl. Saturating amounts (30 nM) of either
GFP-Rad54 (Fig 5B) or Hedl-mCherry (Fig SC) were bound to
Rad51-ssDNA filaments, and the unbound proteins were then
flushed from the flow cell. The samples were then chased with
either 30 nM unlabeled Hed1 (Fig 5B) or 30 nM unlabeled Rad54
(Fig 5C) while monitoring the signal intensity of the pre-bound
proteins. In both cases, addition of the unlabeled protein was unable
to promote dissociation of the pre-bound fluorescent proteins from
the Rad51-ssDNA filaments, and any observed signal loss was
instead comparable to the photo-bleaching rate (Fig 5B and C).

Next, we directly visualized the competition between Rad54 and
Hed1 for Rad51-ssDNA by co-injecting and directly visualizing both
Hed1-mCherry and GFP-Rad54 in real time at 0:1, 1:1, and 3:1 molar

Figure 5. Hedl-mediated inhibition of Rad54 binding to Rad51-ssDNA
filaments.

A Wide-field images of single Rad51-ssDNA molecules (unlabeled) after co-
incubation with 30 nM GFP-Rad54 (green) and 0, 0.3, 3.0, 30, 90, or 300 nM
unlabeled, wild-type Hed1 (left panel). Quantification of the integrated
signal intensities for individual Rad51-ssDNA molecules bound by GFP-
Rad54 in the presence of varying concentrations of Hed1 (right panel). Error
bars represent s.d. at each indicated Hed1 concentration: 0 mM (n = 30);
03 mM (n = 30); 3 mM (n = 30); 30 mM (n = 30); 90 mM (n = 30); and
300 mM (n = 30).

B Kymograph (left panel) and quantification (right panel) of experiment used
to determine whether injection of free Hed1 (unlabeled) could disrupt GFP-
Rad54 (green) pre-bound to Rad51-ssDNA filaments. The dissociation rate
(green circles; n = 25) and photo-bleaching rate of GFP-Rad54 (black
squares; n = 40) were determined as described in Fig 2H (Gibb et al,
2014a); error bars represent s.d. between different ssSDNA molecules.

C Kymograph (left panel) and quantification (right panel) of experiment used
to determine whether injection of free Rad54 (unlabeled) could disrupt
Hed1-mCherry (magenta) pre-bound to Rad51-ssDNA filaments. The
dissociation rate (magenta squares; n = 25) and photo-bleaching rate of
Hed1-mCherry (black squares; n = 20) were determined as described in
Fig 2H (Gibb et al, 2014a); error bars represent s.d. between different
ssDNA molecules.

D Kymographs depicting the association of GFP-Rad54 (green) in direct
competition for Rad51-ssDNA binding with Hed1-mCherry (magenta). Data
were collected in the absence of Hed1-mCherry, or at 1:1 and 1:3 ratios of
GFP-Rad54 to Hed1-mCherry, as indicated. The dotted dashed lines
represent the injection point for GFP-Rad54 with or without Hed1-
mCherry.

E Quantitation of GFP-Rad54 signal intensity in the absence of Hed1-
mCherry (green circles; n = 20; note that these data are reproduced from
Fig 2 for comparison), at a 1:1 Rad54/Hed1 molar ratio (magenta circles;

n = 40) and at a 1:3 Rad54/Hed1 molar ratio (gray circles; n = 35), as
indicated. Also shown is an expanded scale of quantification from (B) to
illustrate significance of difference at early time points. The error bars
represent the standard deviation between individual molecules.

Source data are available online for this figure.
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ratios of Hed1-mCherry to GFP-Rad54 (Fig 5D and E). Quantifying
the intensity values for GFP-Rad54 association indicates a marked
reduction in Rad54 binding with a ~twofold reduction in saturation
values when Rad54 and Hed1 are present at equal molar concentra-
tions, and an ~8- to 10-fold reduction when Hed1 is present at a
threefold molar excess over Rad54 (Fig SE). Taken together, these
experiments all support the conclusion that Hed1 and Rad54 are in
direct kinetic competition for binding to the Rad51-ssDNA filaments
and the first of these two proteins to bind remains refractory to
displacement by proteins in free solution.

Hed1 ssDNA-binding activity is required to prevent
Rad54 binding

Hed1A114-122 can bind tightly to Rad51-ssDNA, but is unable to
prevent Rad54 stimulation of strand invasion (Busygina et al, 2012;
Fig EV5C). Therefore, we tested the ability of Hed1A114-122 to
prevent Rad54 binding to the Rad51-ssDNA filaments. We co-
injected GFP-Rad54 and Hed1A114-122-mCherry at a 1:3 molar ratio,
respectively, and monitored the association of both proteins with the
Rad51-ssDNA filaments. As indicated above, Hed1A114-122 binds to
the Rad51-ssDNA filaments much more rapidly than full-length
Hedl. However, this Hedl mutant was not able to prevent GFP-
Rad54 association with the Rad51-ssDNA filaments (Fig 6A and B).
Quantification of the GFP-Rad54 saturation levels revealed an
insignificant difference in Rad54 binding for experiments conducted
in the presence and absence of Hed1A114-122 (Fig 6B). This result
stands in striking contrast to the ~8- to 10-fold reduction in GFP-
Rad54 binding observed in the case of the full-length Hed1 (Fig 6B).
We conclude that amino acids 114-122 of Hedl are essential to
prevent association of Rad54 with the Rad51-ssDNA filaments, as
previously demonstrated (Busygina et al, 2012).

We next evaluated whether pre-bound Hed1A114-122 could
affect GFP-Rad54 association with the Rad51-ssDNA filaments. To
test this, we bound either unlabeled Hed1 or Hed1A114-122 to the
Rad51 filaments under saturating conditions and then titrated in
increasing concentrations of GFP-Rad54. As expected, Hedl inhib-
ited Rad54 binding at all concentrations tested (Fig 6C and D). In
contrast, Hed1A114-122 failed to strongly inhibit binding at the
highest concentrations of GFP-Rad54 (Fig 6C and D). Interestingly,
Hed1A114-122 did inhibit GFP-Rad54 binding at lower concentra-
tions of GFP-Rad54 (Fig 6C and D). Non-linear regression analysis
of the data revealed that Hed1A114-122 resulted in a small shift in
the K4 for GFP-Rad54 binding to Rad51-ssDNA from 6.1 + 0.73 nM
in the absence of Hed1A114-122 to 9.3 + 0.6 nM in the presence of
Hed1A114-122 (Fig 6D). This shift also coincided with a twofold
increase in the Hill coefficient for Rad54 binding to the Rad51-
ssDNA from 1.51 to 3.1. This finding suggests that Rad54 may inter-
act with multiple surfaces within the presynaptic complex, and
binding sites that dominate at low protein concentrations can be
inhibited by Hed1A114-122, whereas Rad54 binding at higher
concentrations cannot be inhibited by Hed1A114-122.

Discussion

Here, we have directly visualized interactions between key recombi-
nation proteins that help define the functional identity of the
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presynaptic complex during the transition from mitotic DSB repair
to the meiotic DSB repair. Our findings yield insights into how Hed1
and Rad54 interact with the presynaptic complex, and help establish
a conceptual framework for understanding how the activities of the
presynaptic complex are regulated during entry into meiosis.

RPA enforces order of assembly

RPA is an essential ssDNA-protein that is among the first proteins to
colocalize with a DSB (Wold, 1997; Chen & Wold, 2014). During
HR, RPA is typically considered to protect the 3’ ssDNA overhang
that is generated during DNA-end processing, and RPA is also neces-
sary to help eliminate secondary structure so that Rad51 can form
filaments on the ssDNA (Wold, 1997; Chen & Wold, 2014). Our
results show that RPA also prevents premature association of Rad54
and Hedl with ssDNA. This result was not necessarily a foregone
conclusion, since both Rad54 and Hedl have ssDNA-binding
domains and both can bind ssDNA in the absence of RPA (Busygina
et al, 2012; Wright & Heyer, 2014), and RPA is capable of undergo-
ing facilitated exchange between free and bound states when high
concentrations of free RPA are present in solution (Gibb et al,
2014a; Ma et al, 2017a). Thus, our findings imply that RPA plays a
role in actively suppressing Rad54 and Hedl association with
ssDNA and may imply a broader role for RPA in preventing inappro-
priate interactions of other HR proteins prior to the binding of
RadS1. The conclusion that RPA prevents Rad54 from binding to
ssDNA in our assays is also consistent with in vivo observations that
Rad54 is not recruited to DSBs in the absence of Rad51 (Wolner
et al, 2003; Lisby et al, 2004).

Rad54 interacts tightly with the presynaptic complex

Our in vitro ssDNA curtain studies and in vivo FRAP measurements
suggest that S. cerevisiae Rad54 is a stable component of the presy-
naptic complex. Interestingly, our FRAP experiments reveal two
populations of Rad54: one population that remains stably associated
with DNA repair foci and does not exhibit turnover on the time
scales of our measurements and a second population that undergoes
slow turnover. In contrast, our in vitro studies only identify a single
population of Rad54, which does not undergo turnover. We
conclude that the Rad54 observed in the ssDNA curtain measure-
ments most likely reflects the immobile population of protein
observed in the FRAP studies. Future work will be necessary to fully
understand why a portion of the protein undergoes slow turnover
in vivo but not in vitro, but it is likely that there are multiple popula-
tions of Rad54 in vivo the sources of which may include, (i) the
effects of other HR protein factors that may compete for binding or
promote Rad54 turnover, (ii) the existence of posttranslational
modifications of Rad54 that affect binding, or (iii) protein turnover
that takes place during or after the homology search and strand
exchange. Consistent with this later point, wild-type mammalian
RADS54 undergoes complete turnover within recombination in vivo
(Essers et al, 2002), but up to ~10% of the RAD54 remains immo-
bile for ATP hydrolysis-deficient RAD54 mutants (Agarwal et al,
2011). Therefore, in vivo turnover of RAD54 bound to the presynap-
tic complex may require productive interactions with dsDNA, such
as during the homology search and strand invasion reactions. ATP
hydrolysis-deficient RAD54 mutants would not be expected to

© 2018 The Authors
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Figure 6. Hedl ssDNA-binding activity is required to prevent Rad54 from interacting with Rad51-ssDNA filaments.

A Kymographs depicting competition between Rad54 (green) and Hed1A114-122-mCherry (magenta) for binding to Rad51-ssDNA filaments at 1:3 molar ratios of Rad54
to Hed1A114-122. The white dashed lines represent the point of Rad54/Hed1(A114-122) injection.
B Graph depicting mean peak signal saturation intensities GFP-Rad54, Hed1A114-122-mCherry, and Hed1-mCherry, as indicated. Error bars indicate s.d. between DNA

molecules (Rad54 alone, N = 20; Hed1A114-122, N = 32; Hed1-WT, N = 35).

C Wide-field images of single Rad51-ssDNA molecules in the presence of 1.0, 3.0, 10, and 30 nM GFP-Rad54 (green) and either minus Hed1, or 30 nM Hed1-mCherry or

Hed1A114-122-mCherry (magenta), as indicated.

D Quantification of integrated GFP signal intensities for Rad51-ssDNA molecules bound by GFP-Rad54. Plotted data were fit using non-linear regression, and error bars
represent s.d. between individual DNA molecules (Rad54, N = 60; Hed1-WT, N = 41; Hed1A114-122, N = 40). Note, we were unable to fit the GFP-Rad54 binding
data for experiments with Hed1-mCherry, because Rad54 binding to the Rad51-ssDNA was minimal over the concentration range of the titration.

Source data are available online for this figure.

undergo these processes, thus hindering their turnover within
recombination foci (Agarwal et al, 2011). Our assays do not yet
incorporate dsDNA substrates, so it is possible that addition of the
dsDNA to the Rad54-bound presynaptic complexes may stimulate
Rad54 turnover in our assays.

Interestingly, Rad54 remains associated with the presynaptic
ssDNA in vitro, even when most or all of the Rad51 (or Dmcl)
dissociates. The finding that Rad54 can remain bound longer than
Rad51 has several interesting implications. First, since Rad54 does
not dissociate from the ssDNA even upon loss of Rad51, it seems
likely that its removal from ssDNA in vivo may require the action
of specialized enzymes. Alternatively, Rad54 may more readily
dissociate from the dsDNA products generated during strand

© 2018 The Authors

invasion. Second, this finding also suggests that Rad54 binds
directly to the presynaptic ssDNA, even though its initial recruit-
ment is dependent upon the presence of Rad51 or Dmcl. Finally,
the ability of Rad54 to remain bound to ssDNA upon dissociation
of Rad51 may be important for the ability of Rad54 to promote
extension of the invading 3’ end (Sugawara et al, 2003; Wolner
et al, 2003; Li et al, 2009).

From a structural perspective, it is difficult to envision that
Rad54 and Rad51 (or Dmcl) could co-occupy the same nucleotides
within the ssDNA because the recombinase is expected to be in such
intimate contact with the nucleic acids (Conway et al, 2004; Chen
et al, 2008; Sheridan et al, 2008; Xu et al, 2017). In addition, the
binding characteristics (i.e., Kg and ko) for Rad54 interactions with
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Figure 7. Model for kinetic completion between Rad54 and Hed1 as a mechanism for defining presynaptic filament identity.

A Cartoon diagram depicting proposed models for Rad54 or Hed1 binding to the Rad51 presynaptic complex. We propose that Rad54 binds to small regions of exposed
ssDNA present between Rad51 filaments. This model postulates that while initial recruitment to the filament is dependent on Rad51, stable association of Rad54 with
the presynaptic complex is mediated primarily through Rad54 interactions with the ssSDNA. In contrast, Hed1 associates directly with Rad51 and does not require
stable interactions with the underlying ssDNA for binding stability. Hed1 prevents Rad54 association by blocking access to the small ssDNA gaps present at the ends
of the Rad51 filaments, and this inhibition requires the ssDNA-binding amino acids within Hed1.

B Cartoon diagram showing the differences between mitotic and meiotic presynaptic complexes and also depicting that transition from mitotic presynaptic filaments
to meiotic presynaptic filaments is controlled by a kinetic competition between Rad54 and Hed1 that is ultimately related to the relative abundance of each protein.
During meiosis, Rad54 will bind to the Rad51 presynaptic complexes when Hed1 abundance is low, whereas Rad54 will be blocked from interacting with Rad51
presynaptic complexes when Hed1 abundance is high. Once assembled, transitions between the two types of complexes will only take place if the proteins are

actively removed from the ssDNA. Additional details are presented in the main text.

Rad51-ssDNA and Dmcl-ssDNA are remarkably similar, with one
notable exception: The saturation level for Rad54 association with
Dmcl-ssDNA is ~50% lower than the saturation level observed for
Rad54 binding to RadS51 filaments. Thus, mechanistic models
describing the association of Rad54 with the presynaptic complex
must invoke its ability to interact with the presynaptic ssDNA, be
consistent with the structures of recombinase filaments, and should
also accommodate for differences in saturation levels between bind-
ing to Dmcl and RadS1. Importantly, previous studies have shown
that human RADS54 can associate with RADS51-ssDNA filaments
through multiple modes, the most predominant of which appeared
to be RADS4 proteins interspersed throughout the RADS1 filaments,
suggesting that RAD54 may bind to small gaps within the filaments
(van der Heijden et al, 2007; Sanchez et al, 2013; Fig 7A). This
model is consistent with all of our observations for S. cerevisiae
Rad54, and extension of this model might suggest that there are
fewer gaps present in Dmcl filaments relative to Rad51 filaments,
thus accounting for the differences in Rad54 saturation levels for the
two recombinases. This latter point is also consistent with the
finding that Dmc1 filament assembly is more cooperative compared
to Rad51 (unpublished). Importantly, any ssDNA gaps that are
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bound by Rad54 must be small enough that they cannot accommo-
date RPA; otherwise, the bound RPA might inhibit association of
Rad54.

Hed1 interacts tightly with the Rad51 presynaptic complex

Genetic and biochemical studies have shown that Hedl interacts
with Rad51 and inhibits strand exchange activity by preventing
Rad54 from associating with the presynaptic complex (Tsubouchi
& Roeder, 2006; Busygina et al, 2008, 2012; Callender et al, 2016).
Here, we have expanded our understanding of Hedl-mediated
regulation by establishing quantitative measures of its interactions
with the presynaptic complex, which have led to a model for
kinetic competition between Hedl and Rad54. Our observations
have several important implications for understanding how Hed1
associates with the Rad51 presynaptic complex, and for the mecha-
nism of Hedl-mediated inhibition of Rad54. We show that Hedl
has a high affinity for Rad51-ssDNA filaments, and once bound,
the off rate of Hedl is extremely slow, and binding is essentially
irreversible under our conditions so long as the Rad51 remains
intact. Hedl does not alter the stability of Rad51 in our ATP
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depletion assays, and Hed1 dissociation coincides with Rad51 fila-
ment disassembly upon depletion of ATP. This finding is different
from what is observed in bulk biochemical assays (Busygina et al,
2012), and we speculate that two experimental details may contri-
bute to this difference, namely our use of long ssDNA substrates,
which we anticipate will yield more stable filaments than those
assembled on short oligonucleotides, and our use of a microfluidic
system, which allows for rapid and complete depletion of free ATP
from the buffer. Therefore, in contrast to Rad54, Hedl requires the
continued presence of Rad51 to remain bound to the presynaptic
filament, indicating that the binding and dissociation of these two
HR factors occur through different mechanisms. Furthermore, the
finding that Hedl discriminates completely between Rad51 and
Dmcl, whereas Rad54 does not, also indicates that the Hed1l bind-
ing mechanism likely involves direct protein—protein contacts with
Rad51-specific amino acids, which we anticipate would be absent
from Dmcl. Interestingly, the Hedl amino acids required for
ssDNA binding are not required for interactions with Rad51-
ssDNA; indeed, Hed1A114-122 associates more rapidly with
Rad51-ssDNA compared to full-length Hed1l. However, Hed1A114-
122 does not inhibit Rad54 binding. Instead, Hed1A114-122 and
Rad54 can bind simultaneously to the Rad51-ssDNA presynaptic
complex.

Taken together, these data are consistent with a model in which
Hedl and Rad54 occupy different, but possibly overlapping, binding
sites within the RadS1 presynaptic complex (Fig 7A). As indicated
above, our data support a model in which Rad54 binds to exposed
ssDNA between adjacent Rad51 filaments bound to the same
ssDNA. Hedl cannot be bound exclusively to the same gaps; other-
wise, the ssDNA-binding-deficient mutant Hed1A114-122 would not
be able to co-occupy the Rad51 presynaptic complexes with Rad54.
Instead, our data suggest that Hedl binds the presynaptic complex
through protein—protein interactions with Rad51. We proposed that
mechanistically, Hed1 binds to Rad51 and then shields any exposed
ssDNA at the ends of the Rad51 filaments, which in turn prevents
association of Rad54 with the presynaptic complex (Fig 7A). Inter-
estingly, while Rad54 is not believed to function with Dmc1 during
the initial phases of crossover formation in vivo, both Rad54 and
Rdh54 contribute to crossover interference (Shinohara et al, 2003).
Our findings also suggest the possibility that Hedl may enable
Rad54 to partition away from RadS1 and onto Dmcl filaments. In
this case, Rad54 may begin to compete with Rdh54 for binding inter-
actions with Dmcl, or both Rdh54 and Rad54 may bind Dmcl, and
these interactions may help regulate downstream steps in meiotic
recombination.

Transition from mitotic to meiotic presynaptic filaments

The transition from a mitotic recombination to meiotic recombina-
tion coincides with a change in template bias from the sister chro-
matid during mitosis to the homolog during meiosis. Homolog bias
helps ensure crossover formation, which is central feature of meiotic
recombination; however, the mechanism that enforces homolog bias
during meiosis remains poorly understood (Neale & Keeney, 2006;
Lao & Hunter, 2010; Brown & Bishop, 2014; Lam & Keeney, 2014).
This transition also coincides with a change in the recombinase
responsible for catalyzing strand invasion (Neale & Keeney, 2006;
Brown & Bishop, 2014). Rad51 is the only recombinase that is
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present during mitotic growth, and during normal mitotic DSB
repair, Rad51 interacts with Rad54, and this interaction is essential
for completion of repair (Heyer et al, 2010; San Filippo et al, 2008;
Fig 7B). Thus, the resulting presynaptic complexes will have a func-
tional identity that is defined by Rad51 together with its associated
cofactors. Dmcl is expressed upon entry into meiosis, and both
Rad51 and Dmcl are required for efficient meiotic recombination
(Bishop et al, 1992; Brown & Bishop, 2014). However, Rad51 is
required for assembly of Dmcl foci, but Rad51 strand invasion
activity is not required for interhomolog recombination during
meiosis (Bishop et al, 1992; Bishop, 1994; Cloud et al, 2012).
Instead, Dmcl is the recombinase required for strand exchange
during meiosis, whereas Rad5S1 activity is actively suppressed by
Hed1, which prevents Rad54 from associating with Rad51 (Busygina
et al, 2008; Liu et al, 2014). Thus, the functional identity of the
meiotic presynaptic complex can be characterized by Dmc1 together
with its auxiliary cofactors.

A remaining problem is to address how the transition from
mitotic to meiotic presynaptic complexes takes place. Our data
suggest that the mechanism underlying this transition is kinetic
competition between Rad54 and Hed1 for binding interactions with
RadS1 (Fig 7B). In support of this model, we find that Rad54 and
Hed1 binding interactions are mutually exclusive, and once estab-
lished, these binding interactions are effectively irreversible over the
time scales that might be relevant to meiotic progression (Fig 7B).
So, the first of these two proteins, either Rad54 or Hed1, to engage
the presynaptic complex will dictate its functional identity as
“mitotic-like” (i.e., with strand exchange driven by Rad51) or
“meiotic-like” (i.e., with strand exchange driven by Dmcl), and
once the functional identity of the presynaptic complex is estab-
lished, then this identity may be maintained until the complexes
complete strand invasion or until the complexes are actively
dismantled. Interestingly, Rad51 plays a late role in meiotic
prophase by repairing residual DSBs after disassembly of the synap-
tonemal complex (Argunhan et al, 2017; Prugar et al, 2017). Reacti-
vation of Rad51 coincides with inactivation of Mekl, and as a
result, Rad54 phosphorylation and Hedl phosphorylation are lost,
and Hed1 is degraded (Callender et al, 2016; Argunhan et al, 2017;
Prugar et al, 2017). These observations suggest that reversion of the
meiotic-like presynaptic complex to a mitotic-like presynaptic
complex may require the active removal and proteolytic degradation
of Hed1.

Materials and Methods

Protein purification

Saccharomyces cerevisiae RPA, GFP-RPA, and mCherry-RPA were
purified as previously described (Gibb et al, 2014a). Rad51 and
Dmcl were purified as previously described (Sung & Stratton, 1996;
Busygina et al, 2013). GST-Rad54 and GST-GFP-Rad54 were purified
as previously described (Solinger et al, 2001). GST-Hedl1-6xHis-
mCherry, GST-Hed1-6xHis, and GST-Hed1-6xHis-GFP were purified
as follows. pGEX plasmids were transformed into Escherichia coli
Rosetta (DE3) cells (Novagen). Cells were grown to an OD of 0.6
0.8 at 37°C, and cultures were then shifted to 16°C and induced
overnight with 0.1 mM IPTG. After overnight expression, cells were
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harvested and re-suspended in 20 ml/l cell lysis buffer (50 mM
Tris-Cl [pH 7.5], 700 mM KCI, 1 mM EDTA, 10 mM BME, protease
inhibitor cocktail (Roche, Cat. No. 05892988001), 10% glycerol, and
1 mM PMSF). Cells were lysed with lysozyme and sonicated. The
lysate was clarified by ultracentrifugation for 45 min at 142,000 g.
Clarified extract was incubated in batch with glutathione resin (GE
Healthcare, Cat. No. 17-0756-01) for 1 h at 4°C. After 1 h, the super-
natant was removed and the resin washed with 2 x 10 column
volumes (CV) with buffer K1000 [20 mM Tris—Cl (pH 7.5), 1 M KCl,
10 mM BME, 1 mM PMSF, 10% glycerol, 2.5 mM imidazole]. Resin
was then washed with buffer K300 [20 mM Tris-Cl (pH 7.5), 0.3 M
KCl, 10 mM BME, 1 mM PMSF, 10% glycerol, 2.5 mM imidazole].
Protein was eluted with buffer K300 + 25 mM glutathione. Peak
fractions were bound to cOmplete Nickel Resin (Roche, Cat. No.
05893682001) for 1 h at 4°C. Resin was then washed 2 x 5 CV of
buffer K1000, followed washing with 2 x 5 CV of buffer K300.
Protein was then eluted with buffer K300 plus 100 mM imidazole.
Peak fractions were pooled and dialyzed against buffer K 150
[20 mM Tris-Cl (pH 7.5), 150 mM KCI, 10 mM BME, 1 mM PMSF,
10% glycerol]. Proteins were quantified by absorbance at 280 nm,
and in the case of GFP and mCherry, protein concentrations were
quantified by measuring the absorbance of the chromophores at
488 nM (e488 nm = 55,000/cm/M) or 587 nm (€587 nm = 72,000/cm/
M), respectively. Samples were flash-frozen and stored at —80°C.

TIRF microscopy experiments

All experiments were conducted with a custom-built prism-type
total internal reflection fluorescence (TIRF) microscope (Nikon)
equipped with 488-nm laser (Coherent Sapphire, 200 mW) and a
561-nm laser (Coherent Sapphire, 200 mW; Ma et al, 2017c). For
two-color experiments, all GFP and mCherry images were
collected with two Andor iXON X3 EMCCDs using 100-ms integra-
tion time, and we used 500-ms alternating shuttering of the exci-
tation lasers to prevent spectral overlap between GFP and
mCherry channels.

Flow cell construction

Slides were constructed by deposition of chrome barriers on quartz
microscope slides via e-beam lithography and thermal evaporation,
as previously described (Qi & Greene, 2016; Ma et al, 2017c). Lipid
bilayers were prepared with 91.5% DOPC (1,2-dioleoyl-sn-glycero-
3-phosphocholine), 0.5% biotinylated-PE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(cap biotinyl), and 8% mPEG 2000-DOPE
(1,2-dioleoyl-sn-glycero-3-phosphoethanoloamine-N-[methoxy (poly-
ethylenegycol)-2000] (Avanti Polar Lipids, Inc., Cat. No. 850375P,
870273P, and 880130P, respectively). Bilayers were prepared in flow
cells through sequential deposition of a lipid master mix in lipid
buffer [20 mM Tris-Cl (pH 7.5), 100 mM NaCl]. After blocking the
surface with BSA containing buffer, streptavidin was deposited on
the flow cell surface. ssDNA was generated by rolling circle replica-
tion using phi29 DNA polymerase with a biotinylated primer
annealed to M13 circular single-stranded DNA as a template (Gibb
et al, 2014b; Qi et al, 2015; Ma et al, 2017c). The ssDNA substrate
was deposited on the streptavidin containing bilayer, and the flow
cell attached to the microfluidic system, as described (Gibb et al,
2014b; Qi et al, 2015; Qi & Greene, 2016; Ma et al, 2017c).
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Rad51 filament formation

The ssDNA molecules were aligned at a flow rate of 0.5 ml/min in HR
buffer plus RPA [30 mM Tris—OAc (pH 7.5), 50 mM KCIl, 20 mM
MgCl,, 0.2 mg/ml BSA, 1 mM DTT, 0.1 nM RPA]. Once ssDNA mole-
cules were aligned, the flow rate was adjusted to 1.0 ml/min and
0.5 ml of 7 M urea was injected into the flow cell to further extend
the ssDNA (Gibb et al, 2014a; Qi & Greene, 2016). HR buffer plus RPA
was then flushed through the sample chamber at 1.0 ml/min for an
additional 10 min. The sample chamber was then flushed with HR
buffer +ATP [30 mM Tris—OAc (pH 7.5), 50 mM KCI, 20 mM MgCl,,
0.2 mg/ml BSA, 1 mM DTT, 2.5 mM ATP] at 1.0 ml/min for 3 min.
Rad51 (1 pM) was injected into the flow cell, flow was stopped, and
the reactions were incubated at 30°C for 15 min. When GFP- or
mCherry-tagged RPA was used, the Rad51 filament assembly was
monitored with the appropriate laser at an image acquisition rate of
3 frames/min. After 15 min, free Rad51 was removed with HR buffer
plus ATP. Protein binding experiments with Rad54 and Hedl were
conducted in HR buffer plus ATP. For all experiments with Dmcl,
2 mM CaCl, was included in the buffers, unless otherwise stated.

Data acquisition and analysis

All data were collected with 100-ms integration time, and the illumi-
nation lasers were shuttered between image acquisitions to mini-
mize photo-bleaching. Images were collected using Nikon software,
and images were exported as individual TIFF images. TIFF stacks
were imported into ImageJ (Fiji). TIFF stacks were then corrected
for stage drift using the registration/translation function within Fiji.
For time course experiments, kymographs were generated from
image stacks by defining a 1-pixel-wide region of interest (ROI)
along the axis of the DNA and taking a slice of that position over the
length of the time course. These slices were sequentially aligned to
generate each kymograph. From these kymographs, time-dependent
changes in integrated signal intensity information were measured
for individual ssDNA molecule in the experiment. The intensity
values were averaged over the total number of ssDNA molecules
analyzed, and the resulting values were plotted. For normalized
values, each frame along the kymograph was divided by the maxi-
mum signal intensity in each kymograph, and the data were then
averaged and plotted. For saturation analysis, a 1-pixel-wide and
39-pixel-long ROI was defined along the long axis of each ssDNA
molecule, and the integrated signal intensity within this ROI was
measured. Background signal was subtracted by making the same
measurements using 39-pixel ROI on a region without DNA. The
resulting background signal value was subtracted from the signal
intensities measured for the ssDNA molecules. The data for the
binding curves (Figs 1, 2, and 5) were fit by non-linear regression
using GraphPad Prism 7. For two-color imaging, the two channels
were corrected for stage drift individually, and then merged. Kymo-
graphs were generated from the merged image, as described above.

ATP hydrolysis assays
ATP hydrolysis was performed in HR buffer [30 mM Tris-OAc (pH
7.5), 50 mM KCl, 20 mM MgOAc, 1 mM DTT, 0.2 mg/ml BSA] in

the presence of 500 pM cold ATP and trace amounts of y**P-ATP.
All reactions were performed at 30°C and contained 100 ng/ul
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salmon sperm DNA. Aliquots were removed at specified time points
and quenched with 25 mM EDTA and 1% SDS. The quenched reac-
tions were spotted on TLC plates (Millipore, Cat. No. HX71732079)
and resolved in 0.5 M LiCl plus 1 M formic acid. Dried TLC plates
were exposed to phosphorimaging screen and scanned with a
Typhoon platform (GE Healthcare).

D-loop assays

D-loop formation experiments were performed in HR buffer using a
ssDNA oligo fluorescently labeled with Atto-647 on the 5 end
(0.1 uM) and homologous to portions of the M13 genome. The RF
form of the M13 genome was used as a target (100 ng/ul). Rad51
(3 M) was first added to the fluorescently labeled oligonucleotide
and incubated at 30°C for 15 min. Rad54 (30 nM) and M13 dsDNA
were subsequently added. Reactions were allowed to proceed for 5
or 10 min and quenched with equal volume proteinase K buffer
[SO mM Tris—Cl (pH 7.5), 100 mM NaCl, 1 mM EDTA, 0.5% SDS].
Reactions were de-proteinized by the addition of proteinase K. DNA
was then resolved on a 0.8% agarose gel in 1x TAE. Gels were then
scanned using a Typhoon imager with a 635-nm laser.

Fluorescence recovery after photo-bleaching

Yeast cells were grown and processed for fluorescence microscopy
as described previously (Eckert-Boulet et al, 2011). Proteins were
tagged at their endogenous loci with yellow fluorescent protein
(YFP, clone 10C; Ormo et al, 1996) in a RADS ADEZ strain derived
from the W303-1A genetic background (Thomas & Rothstein, 1989;
Lisby et al, 2004). Live cell images were acquired using softWoRx
(Applied Precision, Inc) software on a DeltaVision Elite microscope
(Applied Precision, Inc.) equipped with a 100x objective lens (Olym-
pus U-PLAN S-APO, NA 1.4), a cooled Evolve 512 EMCCD camera
(Photometrics, Japan), and an Insight solid-state illumination source
(Applied Precision, Inc.). Pictures were processed with Volocity
software (PerkinElmer).

DNA repair foci of Rad51 (strain ML1068; MATa/MATu trpl-1/
TRP1 lys2A/LYS2 RADS1/YFP-RADS51), Rad52 (strain ML191; MATa/
MATo trpl-1/TRPI lys2A/LYS2 RADS2-YFP/RADS2-YFP), and Rad54
(strain ML1067; MATa/MATx trpl-1/TRP1 lys2A/LYS2 RADS4-YFP/
RADS54-YFP) were induced by treatment of liquid cultures with
200 pg/ml Zeocin for 2-h shaking at 25°C. Cells containing two
repair foci were subjected to fluorescence recovery after photo-
bleaching (FRAP). Optical sections spanning 2 pum along the z-axis
were acquired at 0.4 pum distance before and at each time point after
photo-bleaching of one of the repair foci using a 488-nm laser set to
10% intensity and a pulse time of 0.7 s. The intensity of the
bleached focus was measured using Volocity software, adjusted for
photo-bleaching due to image acquisition, and the recovery half-
time and mobile protein fraction were determined by curve-fitting
using one-phase association non-linear regression using GraphPad
Prism software.

Expanded View for this article is available online.
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